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In perceptual learning, performance usually improves when observers train with one type of stimulus, for
example, a bisection stimulus. Roving denotes the situation when, instead of one, two or more types of
stimuli are presented randomly interleaved, for example, a bisection stimulus and a vernier. For some
combinations of stimulus types, performance improves in roving situations whereas for others it does
not. To investigate when roving impedes perceptual learning, we conducted four experiments. Perfor-
mance improved, for example, when we roved a bisection stimulus and a vernier but not when we roved
certain types of bisection stimuli. We propose that roving hinders perceptual learning when the stimulus
types are clearly distinct from each other but still excite overlapping but not identical neural populations.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
Perceptual learning is the ability to learn to perceive (for re-
views, see Fahle & Poggio, 2003; Fahle, 2005). For example, practice
improves performance in a variety of visual tasks, such as stereo-
scopic vision (Ramachandran & Braddick, 1973), grating detection
(Fiorentini & Berardi, 1980; O’Toole & Kersten, 1992), hyperacuity
(McKee &Westheimer, 1978; Poggio, Fahle, & Edelman, 1992), mo-
tion detection (Ball & Sekuler, 1987), texture discrimination (Karni
& Sagi, 1991), and visual search (Steinman, 1987; Sireteanu &
Rettenbach, 1995). Perceptual learning usually shows strong spec-
iﬁcity for the trained location (Ball & Sekuler, 1987; Crist, Kapadia,
Westheimer, & Gilbert, 1997; Karni & Sagi, 1991; O’Toole & Ker-
sten, 1992; Poggio et al., 1992), for stimulus orientation (Ball &
Sekuler, 1987; Crist et al., 1997; Karni & Sagi, 1991; Poggio et al.,
1992; Ramachandran & Braddick, 1973), and for the direction of
motion (Ball & Sekuler, 1987; Watanabe et al., 2002).
An interesting way to study the mechanisms underlying per-
ceptual learning is to investigate when learning fails. One remark-
able example is roving (Adini, Wilkonsky, Haspel, Tsodyks, & Sagi,
2004; Kuai, Zhang, Klein, Levi, & Yu, 2005; Otto, Herzog, Fahle, &
Zhaoping, 2006; Yu, Klein, & Levi, 2004). In a roving experiment,
one stimulus is presented per trial. This stimulus is chosen ran-
domly from two or more different stimulus types, e.g. two types
of bisection stimuli. A vertical line bisection stimulus comprises
two outer lines that delineate an interval. This interval is divided
into two parts by a third central line (Fig. 1A). The task of the ob-
server is to discriminate whether the central line is displaced to-
wards the right outer line or towards the left one. In this
condition, subjects improve performance. However, when bisec-ll rights reserved.
lia).tion stimuli with two outer distances, i.e. two stimulus types, are
presented randomly interleaved (roving) performance does not im-
prove (Fig. 1; Otto et al., 2006).
Interestingly, in other conditions roving does not affect learn-
ing. For instance, performance improves when the position of a line
bisection stimulus is randomly varied during training (Otto et al.,
2006). Analogous results have been reported for texture discrimi-
nation task (Karni & Sagi, 1991; Censor, Karni, & Sagi, 2006) and vi-
sual search (Sireteanu & Rettenbach, 1995).
To investigate in which conditions roving impedes the improve-
ment of performance, we conducted four experiments. In each of
these experiments (except for a control experiment, Figs. 9 and
10) two different stimulus types were randomly interleaved of
which one was a bisection stimulus (Fig. 2).
The rationale of the following experiments was that roving very
dissimilar and very similar stimulus types will not interfere with
learning of either stimulus type. For instance, roving visual stimuli
with auditory ones will possibly not yield stimulus interference be-
cause both stimulus types are too dissimilar. On the other hand,
roving two bisection stimuli with outer line distances of 30’ and
30.1’ does not yield stimulus interference because stimulus types
are hardly distinguishable, i.e. too similar. Hence, stimulus inter-
ference seems to occur for stimulus types that share some but
not all features. However, which are these features?
In a recent contribution, Zhang et al. (2008) showed that con-
trast similarity of stimulus types plays an important role. Here,
we focused on the spatial differences of stimulus types. In the ﬁrst
experiment, we tested how the spatial overlap of ‘‘crucial” features
of two stimulus types inﬂuences perceptual learning by combining
a vernier with a bisection discrimination task. Second (Experiment
2), we tested the effect of task interference by roving bisection
stimuli of different orientations, i.e. the overall task is the same
but the stimuli are different. Third (Experiment 3), we tested
20’
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Fig. 1. In line bisection, a spatial interval, delineated by two outer lines, is bisected
in two unequal components by a central line (A,B). The task of the observer is to
judge whether this central line is closer to the right or left outer line. In a standard
perceptual learning experiment, usually only one stimulus type is used, such as a
bisection stimulus with an outer line distance of 20’ (A). Per trial, only one out of
two possible stimulus alternatives is presented (center line offset to the right or to
the left). In a roving paradigm, two or more stimulus types are presented randomly
interleaved, for example, a bisection stimulus with an outer line distance of 20’ and
a bisection stimulus with an outer line distance of 30’ (A and B); per trial, one of the
two variants is presented randomly offset either to the right or to the left, i.e. there
are four possible stimulus alternatives.
150ms
150ms
150ms
150ms
150ms
150ms 150ms
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Fig. 2. The stimuli used in the four experiments. In each experiment (except in a
control experiment, Figs. 9 and 10), two different stimulus types were presented
randomly, with each variant being offset either to the right or to the left. (A)
Experiment 1 – randomly interleaving bisection stimuli and a vernier stimuli. (B)
Experiment 2 – randomly interleaving two oblique bisection stimuli with orthog-
onal orientations. (C) Experiment 3 – randomly interleaving two bisection stimuli of
different line lengths. (D) Experiment 4 – randomly interleaving two bisection
stimuli with two different presentation times. In this ﬁgure only the right offset
variants of each stimulus type are shown.
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larity hinders learning by presenting two bisection stimuli of dif-
ferent length, so that the shorter one was contained in the longer
one. Fourth (Experiment 4), we tested how overlap in time inﬂu-
ences learning by presenting the same bisection stimulus with dif-
ferent durations.2. General methods
2.1. General setup
Bisection and vernier stimuli appeared on the center of a Tek-
tronix 608 display, controlled by a PC via fast 16-bit DA converters
(1 MHz pixel rate). Line elements were composed of dots drawn
with a dot pitch of 200 lm at a dot rate of 1 MHz. The dot pitch
was selected to make the dots slightly overlap, i.e. the dot size
(or line width) was of the same magnitude as the dot pitch. Stimuli
were refreshed at 200 Hz. Luminance was 80 cd=m2, as measuredwith a two-dimensional dot grid using the aforementioned dot
pitch and refresh rate and a Minolta LS-100 luminance meter
equipped with a close-up lens (Minolta no. 122). The room was
dimly illuminated (0.5 lux) and background luminance on the
screen was below 1 cd=m2. Subjects observed the stimuli from a
distance of 2 m.
2.2. Observers
Data were collected from 64 naïve paid students (13 observers
for Experiments 1–4; 12 observers for the control experiment
(Figs. 9 and 10); payment was 20 CHF/h, about 14 euro/h)
recruited from the Ecole Polytechnique Fédérale de Lausanne
(EPFL). Before the experiment, all participants signed informed
consent and were informed about the general purpose of the
study. Subjects had normal or corrected-to-normal vision. Visual
acuity was tested by means of the Freiburg visual acuity test (Bach,
1996). Only participants who reached a value of 1.0 (correspond-
ing to 20/20) for at least one eye, joined the main experiment.
Observers were told that they could quit the experiment at any
time they wished.
2.3. Stimuli and task
Fig. 2 shows the stimuli used in the four experiments. Per trial, a
single stimulus, either offset to the right or to the left, was pre-
sented on the center of the screen. Bisection stimuli consisted of
two outer lines making up a spatial interval bisected by a middle
line. Line length was either 20’ (Experiments 1, 2 and 4) or 40’
(Experiment 3 and control experiment). The interval delineated
by the two outer lines was 26.6’. Participants had to perform a bin-
ary task, discriminating whether the central line was closer to the
right or left outer line (Fig. 1). Responses were given by pressing
one of two buttons.
The vernier stimuli (used only in Experiment 1), consisted of
two vertical lines; the lower line was offset to the left or to the
right relative to the upper one. Line length was 20’. Participants
had to perform an offset discrimination task. Responses were given
by pressing one of two buttons. The duration of each stimulus on
the screen was either 150 ms (Experiments 1–3 and control exper-
iment) or 500 ms (Experiment 4).
2.4. Procedure
Four different experiments were carried out. Each of them con-
sisted of a training phase of two sessions, which was preceded and
followed by test phases in which baseline performance was
determined.
In all four experiments, the training phase was composed of 20
blocks of 120 trials each in which two different stimulus variants
were presented randomly interleaved (roving); this yielded a total
amount of 60 trials for each stimulus type per block. In a control
experiment (Figs. 9 and 10), the training phase was composed of
20 blocks of 60 trials each only in which left or right bisection stim-
uli with an outer distance of 40’ were presented (non-roving
condition).
Baseline measurements were performed twice before and twice
after the training phase; performance was determined for each of
the two stimulus variants separately (for a single stimulus variant
in the control experiment, Figs. 9 and 10), i.e. without roving, as
well as for stimuli oriented orthogonally to the trained ones. To re-
duce the inﬂuence of learning and fatigue effects in the average
data, the order of the baseline measurements was randomized.
After every condition had been measured once, the order was re-
versed. Each experiment was divided into two sessions, taking
place (in most cases) on two consecutive days.
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central ﬁxation point and four markers at the corners of the screen
presented for 500 ms, followed by a blank screen for 200 ms. Then,
one of the two stimulus variants (a single stimulus variant in the
control experiment) was presented with either an offset to the
right or to the left. Between a response and the next trial a blank
screen was presented for 500 ms. Except for the ﬁrst trial, no cen-
tral ﬁxation point was presented, to prevent participants from
judging the offset of the stimuli relative to the ﬁxation point posi-
tion stored in memory. Auditory feedback was given for incorrect
answers.
We determined bisection and vernier acuity threshold of 75%
correct responses with an adaptive staircase method and maxi-
mum likelihood estimation of the parameters of the psychometric
function (PEST; Taylor & Creelman, 1967). The starting value of the
adaptive procedure during the training phase was set to 1.5 fold of
the individual thresholds determined during the baseline measure-
ments. This method avoids the presentation of supra-threshold off-
set values for which performance is already perfect (Ahissar &
Hochstein, 1997; Herzog & Fahle, 1998).
2.5. Data analysis
Regression lines were ﬁtted to each participants data collected
in the training phase to determine whether an improvement oc-
curred. The slopes of the regression lines were compared with
the hypothesis of no improvement of performance (a slope of 0).
In addition, the ratio of post, and pre-training performance was
computed for each participant. The ratios were compared with
the hypothesis of no improvement of performance (a ratio of 1.0).
Most data were not normally distributed. Thus, the traditional
t-tests were replaced by permutation tests which do not require
any assumptions about the probability distributions of the data
(Good, 2002; Moore & McCabe, 2005). In the permutation test, a
new sample was created by randomly shufﬂing all participants be-
tween the two groups. The difference in means between these
groups was then calculated for the sample. This procedure was
performed 100,000 times, creating a probability distribution to
which the original sample was then compared, yielding a value
of signiﬁcance, independent of the probability distribution of the
original sample.gniﬁcantly different from zero, indicating improvement of performance for both
imulus types. The dashed vertical line indicates the end of the ﬁrst training
ssion. Means and standard errors for 13 observers.
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ndomly interleaved bisection and vernier stimuli. Only performance for the
ained stimuli improved. Means and standard errors for 13 observers.3. Experiment 1: roving with bisection and vernier stimuli
When roving disrupts perceptual learning, usually stimuli are
presented at the same spatial position (e.g. Yu et al., 2004; Otto
et al., 2006). Hence, it might be that mutual synaptic changes of lo-
cal neurons interfere with each other and hinder learning. Here, by
roving a bisection with a vernier stimulus, we investigated
whether the spatial overlap of local processing is sufﬁcient to im-
pede learning. The rationale is that the vernier is presented roughly
at the same position as the central line of the bisection stimulus,
hence, the most signiﬁcant features of the two stimulus types spa-
tially overlap.
3.1. Methods
Thirteen observers trained with vernier and bisection stimuli
presented randomly interleaved (see Fig. 2A). The central line of
the bisection stimulus appeared roughly at the same spatial loca-
tion as the vernier (except for a small offset difference of 7000 to
1000). Baseline performance was measured before and after training
in four different conditions: subjects were tested with verniers (2
blocks of 80 trials each) and bisection stimuli (2 blocks of 80 trials
each) separately, i.e. without randomly interleaving them. In addi-tion, horizontal vernier and horizontal bisection stimuli were
tested in non-roving conditions.
3.2. Results
For the training phase, slopes of regression lines for both bisec-
tion and vernier stimuli were signiﬁcantly different from zero
(Fig. 3; vernier stimuli: mean slope: 0.35, p-value: 0.005; bisec-
tion stimuli: mean slope: 0.79, p-value: 0.019). Hence, perfor-
mance improved for both stimuli. We also found a signiﬁcant
correlation between the slopes of regression lines of both stimuli
(r: 0.74, p-value: 0.004), indicating that subjects, who improved
in the bisection task, also improved in the vernier task. There
was no signiﬁcant difference between thresholds at the end of
the ﬁrst training session and at the beginning of the second train-
ing session, neither for the bisection stimulus (p-value: 0.26) nor
for the vernier (p-value: 0.76).
Performance ratios of pre- and post- baselines were also signif-
icantly different from 1.0 for both the vernier (mean ratio: 0.84, p-
value: 0.004) and the bisection stimuli (mean ratio: 0.83, p-value:
0.008). There was no obvious transfer of learning to orthogonalF
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Fig. 6. Ratios of before and after training baseline performance (post/pre) for
randomly interleaved orthogonal bisection stimuli. We found improvement of
performance also for the horizontal stimulus, indicating some unspeciﬁc learning.
Means and standard errors for 13 observers.
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orthogonal vernier: mean ratio: 1.01, p-value: 0.97), indicating
speciﬁcity of learning for the trained stimulus orientation (see
Fig. 4).
These results indicate that learning is possible under roving
conditions, even though attention is directed to the same spatial
location, at which the most crucial stimulus features were pre-
sented. The improvement of performance of both the vernier and
the bisection stimulus is comparable to the conditions in which
the stimuli are trained without roving, as reported in Fahle and
Edelman (1993); Crist et al. (1997); Otto et al. (2006).
4. Experiment 2: roving with bisection stimuli of different
orientations
In Experiment 1, we found that performance improved when
vernier and bisection stimuli were randomly interleaved. Hence,
spatial overlap of the ‘‘important” stimulus parts per se (the vernier
and the central line of the bisection stimulus) cannot account for
stimulus interference. Here, we asked the question whether stim-
ulus interference occurs when the stimulus types are different
but the overall task is the same. We presented two bisection stim-
uli with different orientations.
4.1. Methods
Thirteen observers trained with two randomly interleaved
bisection stimuli with orthogonal orientations: one stimulus was
rotated 45 (45 counterclockwise) and the other stimulus was ro-
tated 315 (45 clockwise; Fig. 2B) from the vertical. Stimuli ap-
peared on the center of the screen.
Four different baseline measurements were carried out before
and after training: the two trained stimuli in a non-roving condi-
tion and for vertical (0 bisection) and horizontal bisection stimuli
(90 bisection).
4.2. Results
The negative values of the mean slopes of regression lines indi-
cate an improvement of performance during training for both
bisection stimuli with different orientations (Fig. 5). We found a
signiﬁcant improvement for the stimulus rotated 45 (mean slope:0
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Fig. 5. Thresholds as a function of training for orthogonal bisection stimuli
presented randomly interleaved. For the 45 bisection stimulus, the slopes of the
regression lines were signiﬁcantly different from zero, indicating an improvement
of performance. There was only a trend towards learning for the 315 bisection
stimulus. The dashed line indicates the end of the ﬁrst training session. Means and
standard errors for 13 observers.0.81, p-value: 0.013), whereas there was only a trend for the
stimulus rotated 315 (mean slope: 0.51, p-value: 0.054). For
the latter, out of the thirteen participants, ﬁve showed strong
indications of learning (slopes <0.9), two showed little improve-
ment (slopes between 0.5 and 0), while six participants showed
some unlearning (slope between 0 and 0.5). There was a signiﬁ-
cant correlation between the slopes of the regression lines of both
stimulus types (r: 0.72, p-value: 0.005), indicating that subjects,
who did or did not improve for one stimulus type, did or did
not improve for the other one as well. There was no signiﬁcant
difference between thresholds at the end of the ﬁrst training ses-
sion and at the beginning of the second training session, neither
for the 45 bisection (p-value: 0.49) nor for the 315 bisection
(p-value: 0.97).
Ratios of the baseline measurements were signiﬁcantly lower
than 1.0 for the trained bisection stimuli, indicating learning (45
bisection, mean ratio: 0.7, p-value: <0.001; 315 bisection, mean
ratio: 0.72, p-value: <0.001). There was transfer of learning to the
horizontally oriented bisection stimulus (mean ratio: 0.74, p-va-
lue: 0.002) but not to the vertically oriented bisection stimulus
(mean ratio: 0.96, p-value: 0.68; Fig. 6). There was no signiﬁcant
correlation between subjects who improved with the trained
bisection stimuli and the transfer to the horizontally oriented
bisection stimulus (45 bisection, r: 0.02, p-value: 0.9; 315 bisec-
tion, r: 0.08, p-value: 0.77). The results indicate that there is learn-
ing when the task is identical for both stimuli, and the two
stimulus types are different.5. Experiment 3: roving with bisection stimuli of different
lengths
Neither spatial overlap nor task similarity seem to hinder learn-
ing under roving conditions. Here, we combined both conditions by
randomly interleaving bisection stimuli of different length, i.e. the
shorter bisection stimulus was contained in the longer one.
5.1. Methods
Thirteen observers trained with two randomly interleaved
bisection stimuli. The length of the bisection lines was 20’ and
40’ (Fig. 2C). The virtual center of the two stimulus types was iden-
tical, thus, the 20’ bisection stimulus was contained in the 40’ one.
This length difference was clearly visible to all observers. As usual,
100
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training phase for both trained stimuli separately, as well as for
the two orthogonal stimuli.
In a control experiment, we trained 12 naive observers with the
40’ bisection stimulus in a non-roving condition. Baselines mea-
surements were determined before and after the training phase
for the 40’ vertical and horizontal lines bisection and for the 20’
vertical lines bisection.
5.2. Results
Performance does not improve in the two different lengths con-
ditions (Fig. 7). Testing individual slopes versus the hypothesis of
no learning yielded no signiﬁcant results (line length 40’, mean
slope: 0.022, p-value: 0.91; line length 20’, mean slope: 0.17, p-
value: 0.44). There was no signiﬁcant correlation between the
slopes of the regression lines of both stimulus types (r: 0.21, p-va-
lue: 0.48). There was no signiﬁcant difference between thresholds0
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Fig. 7. Thresholds as a function of training for bisection stimuli of line lengths of 20’
and 40’ presented randomly interleaved. The slopes of the regression lines were not
signiﬁcantly different from zero, indicating no improvement of performance for
both stimulus types. The dashed line indicates the end of the ﬁrst training session.
Means and standard errors for 13 observers.
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Fig. 8. Ratios of before and after training baseline performance (post/pre) for
randomly interleaved bisection stimuli of line lengths of 20’ and 40’. Performance
for the trained stimuli, as well as for the orthogonal bisection stimuli, did not
signiﬁcantly improve. Means and standard errors for 13 observers.at the end of the ﬁrst training session and at the beginning of the
second training session, neither for the 20’ bisection (p-value:
0.97) nor for the 40’ bisection stimulus (p-value: 0.65).
Baseline performance is shown in Fig. 8. Ratios of the baseline
measurements show no improvement of performance for either
of the two bisection stimuli (line length 20’, mean ratio: 0.88, p-va-
lue: 0.25; line length 40’, mean ratio: 0.91, p-value: 0.55). There
was also no transfer of learning to the orthogonal bisection stimuli
(orthogonal 20’, mean ratio: 1.04, p-value: 0.73; orthogonal 40’,
mean ratio: 1.24, p-value: 0.11). We would have expected to ﬁnd
an improvement of performance at least in the case of the smaller
bisection stimulus (20’), given that it is embedded in the larger one0
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ig. 9. Thresholds as a function of training for bisection stimuli of line lengths of 40’
on-roving condition). The slopes of the regression lines were signiﬁcantly
ifferent from zero, indicating an improvement of performance. The dashed line
dicates the end of the ﬁrst training session. Means and standard errors for 12
bservers.
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isection stimuli of line lengths of 20’ and 40’ (vertical and horizontal). Only
erformance for the trained stimulus type improved signiﬁcantly. Means and
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Fig. 11. Thresholds as a function of training when presenting two bisection stimul
with different durations randomly interleaved. For the 150 ms bisection stimulus
the slopes of the regression lines were signiﬁcantly different from zero, indicating
an improvement of performance. There was only a trend towards learning for the
500 ms bisection stimulus. The dashed line indicates the end of the ﬁrst training
E.M. Tartaglia et al. / Vision Research 49 (2009) 1420–1427 1425and therefore was presented in all trials. However, this was not the
case.
Results of the non-roving control experiment are shown in
Fig. 9. The mean slope for the 40’ vertical bisection stimulus was
signiﬁcantly different from zero (mean slope: 0.64, p-value:
0.01). There was no signiﬁcant difference between thresholds at
the end of the ﬁrst training session and at the beginning of the sec-
ond training session (p-value: 0.73).
Baseline performance is shown in Fig. 10. Ratios of the baseline
measurements show no improvement of performance for neither
the untrained 20’ vertical bisection stimulus nor the 40’ horizontal
bisection stimulus (20’ vertical bisection, mean ratio: 0.85, p-value:
0.1; 40’ horizontal bisection, mean ratio: 1.0, p-value: 0.9). There
was signiﬁcant learning for the trained 40’ vertical bisection stim-
ulus (mean ratio: 0.6, p-value <0.001). Finally, we compared the
amount of learning in non-roving and roving conditions for the
40’ vertical bisection stimulus. We found a signiﬁcant difference
between the slopes of the individual regression lines between
the roving and the non-roving conditions (p-value: 0.005). There
was no signiﬁcant difference between the initial thresholds in both
conditions (p-value: 0.1), indicating that the learning found in the
non-roving condition did not depend on the higher starting level.session. Means and standard errors for 13 observers.
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Fig. 12. Ratios of before and after training baseline performance (post/pre) for
randomly interleaved bisection stimuli with different durations. Performance did
not signiﬁcantly improve for either the trained stimuli and the orthogonal ones.
Mean and standard error bars for 13 observers.6. Experiment 4: roving with two bisection stimuli with
different durations
It seems that stimulus type similarity and spatial overlap play
an important role when combined. Here, we asked whether tempo-
ral overlap yields analogous results. We presented one bisection
stimulus with 150 ms as in the experiments before and the very
same bisection stimulus with a duration of 500 ms.
6.1. Methods
Thirteen observers trained with two randomly interleaved
bisection stimuli. Both bisection stimulus had the same line length
and outer lines distance, 20’ and 26.6’, respectively. The only differ-
ence was that one bisection stimulus was presented for 150 ms
and the other stimuli was presented for 500 ms (Fig. 2D). Baseline
performance was measured for both stimulus durations separately,
as well as for the orthogonal stimuli.
6.2. Results
The mean slopes (Fig. 11) indicate that some learning might
have taken place. These effects were signiﬁcant for the stimuli pre-
sented 150 ms (mean slope:0.79, p-value: 0.049) while there was
a trend for the stimuli presented 500 ms (mean slope: 0.58, p-va-
lue: 0.054). There was a signiﬁcant correlation between the slopes
of the regression lines of both stimulus types (r: 0.92, p-value
<0.001), indicating that subjects who did improve for one stimulus
type, did improve for the other one as well. There was no signiﬁ-
cant difference between thresholds at the end of the ﬁrst training
session and at the beginning of the second training session, neither
for the 150 ms bisection stimulus (p-value: 0.24) nor for the
500 ms bisection (p-value: 0.31).
Baseline performance is shown in Fig. 12. Surprisingly, the ra-
tios of the baseline measurements show no learning for either of
the two bisection stimuli (150 ms, mean ratio: 0.88, p-value:
0.41; 500 ms, mean ratio: 1.21, p-value: 0.45). There was also no
transfer of learning to the orthogonal stimuli (orthogonal 150 ms,
mean ratio: 1.16, p-value: 0.32; orthogonal 500 ms, mean ratio:
0.88, p-value: 0.12). The mismatch between the results of the anal-
ysis of the slopes and the analysis of the ratios of the baselines can-
not be explained at the moment.i
,7. Analysis of initial values
There is often a correlation between the level of initial perfor-
mance and the amount of improvement achieved through practice
(Fahle, 1997). Therefore, we analyzed the initial thresholds of the
bisection stimuli of Experiments 1, 3, 4 by a one-way ANOVA with
the factor ‘‘experiment”. This ANOVA showed no signiﬁcant differ-
ence between the initial thresholds (F(2,36) = 1.01, p > 0.37).8. General discussion
In roving, variants of two or more stimulus types are presented
randomly interleaved. Pairing of some stimulus types yields
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performance improves when stimulus types are not roved, i.e. each
stimulus type is trained separately.
Here, we analyzed how the stimulus layout and task setting
inﬂuence roving. The rationale of the experiments was as follows.
We expected improvement of performance when stimulus types
as well as tasks are very dissimilar, e.g. when combining a visual
with an auditory paradigm. On the other hand, roving very similar
stimulus types should yield perceptual learning, such as two bisec-
tion stimuli with outer distances of 30’ and 30.1’ which are basi-
cally identical (a difference of 0.1’ is well in the range of small
head movements towards the screen). Hence, roving can hinder
perceptual learning only when the stimulus types and tasks are
different but not too different. However, what makes stimulus
types different? The current experiments are a ﬁrst step to inves-
tigate this issue. We believe that this is a fundamental question
not only for perceptual learning but for vision science in general
because roving may so reveal when stimuli are processed
differently.
In the ﬁrst experiment, by roving a bisection stimulus and a ver-
nier stimulus, we tested the spatial overlap of the ‘‘important”
stimulus parts: the vernier and the central line of the bisection
stimulus. Bisection and vernier offsets are both in or close to the
hyperacuity range, i.e. in the range of the size of a photo-receptor.
Hence, attending to ﬁne grained information is of importance in
both tasks. On the other hand, both the task and the overall stim-
ulus layout of the two stimulus types are very different. In the ver-
nier task, the two nearby vertical bars have to be compared; in the
bisection task, the comparison is across the horizontal direction
and across much larger spatial distances. Performance improved
for both stimulus types. Hence, possibly, the low degree of task
similarity and the overall spatial layout yielded learning. Also the
underlying neural machinery may be different in spite of the spa-
tial overlap of the vernier and of the bisection central line. Vernier
offset discrimination may be related to orientation sensitive neu-
rons with a preferred orientation direction different from the ver-
tical one (e.g. Wilson, 1986). In the bisection task, possibly,
neurons coding ﬁne positional information and tuned to vertical
orientation are important (Schaefer, Vasilaki, & Senn, 2008). That
different neural mechanisms might be involved in a vernier task
and in a bisection task has also been shown empirically by the lack
of transfer in between them (Fahle & Morgan, 1996).
In the second experiment, two identical bisection stimuli with
different orientations were used. The task type was the same but
the stimuli were rather different. Learning improved for both stim-
ulus orientations indicating that roving does not affect perceptual
learning when the task type is the same but stimuli are sufﬁciently
different. In terms of neural machinery, stimulus types were possi-
bly encoded with different, orientation selective neural popula-
tions. Hence, the absence of disruptive interference between the
two roved stimulus types could be strictly related to the absence
of neural overlap between two sets of most ‘‘informative” neurons
involved in the encoding process.
In the third experiment, we tested both stimulus and task over-
lap. Here, we randomly interleaved two bisection stimuli of differ-
ent lengths of which one was twice as long as the other. The length
difference was clearly visible. No improvement of performance oc-
curred for either bisection stimuli. On one hand, disruptive inter-
ference was expected because the task was identical and the
stimulus layout rather similar. On the other hand, the shorter
bisection stimulus was ‘‘contained” in the longer one, thus, training
with both stimulus types should have improved performance at
least for the shorter bisection stimulus. However, this was not
the case. Possibly, this combination of stimulus types and task is
what we were looking for: rather but not too similar and, thus,
including overlapping but not identical neural populations.It remains an open question how these processes may be ex-
plained in more detail. Possibly, since both the task setting and
the spatial layout are important, top–down and bottom–up pro-
cesses may interact with each other (Ahissar & Hochstein, 1997;
Herzog & Fahle, 1998). For example, Adini et al. (2004) proposed
that interference in roving is related to the inability of the observer
to foresee the upcoming stimulus. In support of this proposition,
Zhang et al. (2008) found in a systematic study that stimulus pre-
dictability is indeed important for learning under roving. Yu et al.
(2004) and Kuai et al. (2005) proposed that roving hinders the
building up of a memory trace of the stimuli. A lower level expla-
nation was offered by the neural network model by Zhaoping, Her-
zog, and Dayan (2003). There is no learning with bisection stimuli
with different outer distances under roving because the network
has to do the impossible: encoding the different outer element dis-
tances with connections which have to be excitatory for one outer
element distance and inhibitory for the other. However, the model
could only partially explain the experimental ﬁndings of Otto et al.
(2006). The present study adds another challenge to this model and
to the one by Schaefer et al. (2008), considering that in both mod-
els only the outer distances matter, but not the length of the stim-
uli. However, Experiment 3 shows that this dimension must not be
neglected.
In this contribution, we investigated short term perceptual
learning, ﬁnding improvement in some, but not all conditions. It
should be mentioned that even when roving hinders short term
learning, performance can still improve on the long-term run. An
improvement of performance was found when observers trained
18.000 trials in 10 sessions with bisection stimuli with two differ-
ent outer distances (Parkosadze, Otto, Malania, Kezeli, & Herzog,
2008). This learning was not due to an accommodation to the rov-
ing condition per se. Moreover, roving affected the learning process
but not performance per se, i.e. baseline performance for a stimulus
type in roved and non-roved condition was roughly comparable
Parkosadze et al., 2008. These results, together with the ones re-
ported in the present manuscript, show that perceptual learning
is not impossible in roving conditions as previously stated (Kuai
et al., 2005).
It is important to note that we did not investigate whether
learning of a stimulus type was affected more strongly by roving
than without it. However, performance improved in Experiments
1 and 2 rather comparable to experiments in which bisection stim-
uli were presented without roving (Figs. 9 and 10 and also Fahle &
Edelman, 1993; Crist et al., 1997; Otto et al., 2006). In these non-
roving studies and in Experiments 1 and 2 with roving, adaptive
methods or a method of constant stimuli with multiple levels were
used. Hence, it is not the inter-trial variability of these methods
that interferes with learning but, indeed, the combination of cer-
tain stimulus types.
An important question is whether roving interferes with con-
solidation processes rather than with the learning process itself.
For example, it was found that learning with one type of vernier
stimulus in one session could be obliterated when observers
trained with a different vernier stimulus immediately afterwards.
This kind of presentation regime might be viewed as ‘‘session-
wise” roving and was related to a disruption of consolidation
(Seitz et al., 2005). It is interesting that Seitz et al. (2005) found
that randomly interleaving left, right, and aligned dot bisection
stimuli yielded no learning, i.e. three variants of one stimulus
type. Thus, it seems that next to stimulus type and presentation
regime (Zhang et al., 2008), also more ‘‘ﬁne” grained factors play
a role in roving (it should be mentioned that aligned verniers are
processed differently than offset ones; Fahle, 1991; Harris &
Fahle, 1992). Seitz et al. (2005) results may also point to overlap-
ping neural populations as a cause of interference in roving.
Our results, in addition, show that not the overlapping neural
E.M. Tartaglia et al. / Vision Research 49 (2009) 1420–1427 1427populations related to the spatial location per se are the cause of
interference, but rather overlapping populations related to stimu-
lus type and task.Acknowledgments
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